Abstract. In this paper, an adaptive chaotic bacterial foraging optimization (ACBFO) is presented. The improved bacterial foraging algorithm contains two new features, adaptive chemotaxis step setting and chaotic perturbation operation in each chemotactic event. The adaptive chemotaxis step setting enables fast convergence speed and good convergence accuracy of the algorithm, and the bacteria chaotic perturbation operation further allows the search to escape from local optima and achieve better convergence accuracy. With five benchmark functions, ACBFO is proved to have a better performance than the original bacterial foraging optimization (BFO) and BFO with linear deceasing chemotaxis step (BFO-LDC).
Introduction
Bacterial foraging optimization (BFO) is a new bionic evolution algorithm presented by Passino in the early 2002 [1] . It simulates the foraging behavior of human Escherichia coli in order to reach a nutrient-rich place. BFO searches automatically for the optimum solution in the search space by means of chemotaxis, swarming, reproduction, elimination and dispersal. Recently, BFO algorithm has rapidly become popular and has been applied to solve various optimization problems. BFO owns the characteristics of swarm intelligence parallel search and sophisticated search ability. But in the same time, the drawback of consistent chemotaxis step makes BFO unable to achieve exploration and exploitation tradeoff, which results in easily trapping into local optima and slow convergence speed. Therefore, many researchers have made improvements to BFO [2, 3] . As a kind of evolution phenomenon of nonlinear system, chaos is a stochastic state in the deterministic system, which owns the characteristics of ergodicity, stochasticity and regularity. Owing to chaos optimization method has the advantages of global asymptotic convergence, easy to jump out of local minima and fast convergence speed, nowadays it is widely used in various kinds of optimization algorithms to improve their optimization performances [4, 5] .
In this paper, the authors propose an adaptive chaotic bacterial foraging optimization algorithm inspired by linear deceasing chemotaxis step and chaos theory in this paper. Firstly, an idea of adaptive exponential deceasing chemotaxis step is presented, in which the natural exponential function variable is a function about the iterations and nutritive ratio between the current bacterium position and the best bacterium position in each iteration. Secondly, when each bacterium reaches a new position through swim behavior, chaotic perturbation is applied to avoid entrapping into local optima. In order to demonstrate the performance of the proposed algorithm, ACBFO is applied into five benchmark functions and the experiment results demonstrate ACBFO is superior to the original BFO and BFO-LDC algorithms.
Adaptive Chaotic Bacterial Foraging Optimization

Adaptive Chemotaxis Step Setting
To improve convergence speed and accuracy, the authors make an improvement on chemotaxis step of BFO. As is known, the size of chemotaxis step C is a constant in original BFO. Thus it is hard to maintain a balance between global and local search ability, and this influences the speed and accuracy of the search. When C is too large, the bacteria will fail to locate the global optimum by swimming without stop. While C is too small, it will take a long time for the bacteria to find the global optimum. Therefore, an expected result with faster searching time and global optimal orientation can be obtained by choosing intermediate C. Niu, et al [2] proposed a linearly decreasing chemotaxis step over iterations, though it shows some improvement in convergence speed and accuracy, it still easily entraps into local optima for all bacteria using same C in each iteration, which inspired by the idea of linearly decreasing chemotaxis step, the authors present an adaptive chemotaxis step strategy as following: C i j k l is the chemotaxis step size and η is a constant named restriction factor. The smaller value of k will make ( , , , ) C i j k l decreases rapidly and the larger value of k will make ( , , , )
, as is shown in Figure 1 . Because ( , , , ) / f i j k l j will generally decrease with the increasing of iteration number j , therefore, the general trend of ( , , , ) C i j k l is decreasing with the increasing of iteration number j , which results in fast convergence of BFO. This is some like the ideal of linearly decreasing chemotaxis step, but the difference of our strategy lies in that ( , , , ) f i j k l can adaptively change in terms of the ratio of the cost function value of ith bacterium to the best cost function value of population. Smaller ( , , , ) f i j k l means the ith bacterium is close to the optimum solution of population, which leads to the decreasing of ( , , , ) C i j k l to search for better solutions. And bigger ( , , , ) f i j k l means the ith bacterium is far from the optimum solution of population, which leads to the increasing of ( , , , ) C i j k l to avoid early convergence. In one word, the adaptive chemotaxis step the authors proposed can dynamically adjust the chemotaxis step in terms of the cost function value of each bacterium and iteration number j , in which the main advantage is fast convergence speed and good convergence accuracy. ).
Chaotic Perturbation Operation
Chaos is a common nonlinear phenomenon in which a small change in the initial condition will lead to nonlinear change in future behavior. It is complex and similar to randomness, but is generated through a deterministic iteration formula. At the same time, chaos is typically highly sensitive to the initial values and thus provides great diversity based on the ergodic property of the chaos phase, which transits every state without repetition in certain ranges. Therefore, this paper uses chaos to improve the performance of BFO algorithm .One of the simplest maps, the logistic map, was brought to the attention of scientists by May in 1976. It appears in nonlinear dynamics of biological population evidencing chaotic behavior. The logistic map can be described by the following equation:
U represents the tth chaotic number and t is the iteration number. µ is the control parameter controlling the behavior of ( ) t U (as t goes to infinity). The behavior of the logistic map for various values of the parameter µ is shown in Figure 2 For low values of µ ( µ < 3), U eventually converges to a single number. Specifically, according to the study conducted by Passino [1] , the chemotactic event is generally the key event affecting the convergence performance of BFO. Therefore, this paper incorporates chaotic mapping with ergodic, stochastic, and regular properties in each chemotactic event of the bacterium to improve the global convergence. The use of chaotic sequence in BFO can facilitate escaping from local optima and exploring for better solutions. In this study, the authors combine the logistic map with bacterial foraging optimization in chemotactic event named chaotic perturbation.
In the process of chaotic perturbation operation for a p-dimensional optimization problem, according to Eq. 
Pseudo-code of ACBFO
According to the discussion above, the adaptive chaotic bacterial foraging algorithm the authors called ACBFO has two new features, adaptive chemotaxis step setting and chaotic perturbation operation. The adaptive chemotaxis step setting enables fast convergence speed and good convergence accuracy of the algorithm, and the bacteria chaotic perturbation operation further allows the search to escape from local optima and explore for better solutions.
During the process of solving actual optimization problems, it is usually unnecessary to consider the cell-to-cell signaling attractant-repellent cc J between bacteria. Let i be the index for the bacterium in population. Let j,k,l be the indexes for the chemotactic, reproductive, elimination and dispersal events respectively. Let 
.This is generated according to logistic map defined in Eq. .This is the end of the while statement.
[i] Go to [b] to process the next bacterium ( 1) i 
Simulation Research
To evaluate the performance of ACBFO algorithm the authors proposed, standard BFO [6] and BFO-LDC [2] are compared with ACBFO in terms of solution quality and convergence speed. The test suite includes five well-known benchmark functions, which can be classified into uni-modal functions 
Ackley function Table 2 lists the dimension, global minimum value, iterations, search range and asymmetrical initialization range of each benchmark function. It is noted that an asymmetrical initialization range is used to prevent a centre-seeking optimizer from "accidentally" finding the global optimum. Figures 4-8. shows the comparison of the convergence speed and accuracy of basic BFO, BFO-LDC and ACBFO during 10000 iterations for five benchmark functions respectively. From these Figures, we can find that the performance of ACBFO is significantly superior to basic BFO and BFO-LDC for five classic test functions not only in convergence speed but also in convergence accuracy, especially to some complex optimization problems 4 f and 5 f . The stimulation results are also shown in Tables 4-8 
Conclusions
In this paper, we presented a novel adaptive chaotic bacterial foraging algorithm and the design procedure is given in detail. Using adaptive chemotaxis step setting and chaotic perturbation operation in each chemotactic event, ACBFO improves its convergence speed and convergence accuracy significantly. The test results from five benchmark functions verified that ACBFO outperforms basic BFO and BFO-LDC. Our future research includes improvement of the performance of ACBFO on some biological mechanisms or hybridizing other algorithms. Moreover, as a robust and efficient method for continuous problem, applying ACBFO to discrete problems would also be worth studying.
